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Abstract
We investigate the transverse charge densities of the deuteron in a soft-wall AdS/QCD
model by considering both the unpolarized and the transversely polarized cases. The
deuteron form factors are derived from the soft-wall AdS/QCD model and it is shown
that the calculated results agree with the phenomenological parametrization and exper-
imental data. The transverse charge densities of the deuteron are also derived from
the soft-wall AdS/QCD model, and we notice slight deviations from those of the phe-
nomenological parametrization.
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1. Introduction
The electromagnetic forms factors contain information about the internal structure
of the nucleon and the nucleus. With the Fourier transformation, form factors of nu-
cleons reflect the spatial distributions such as charge densities [1]. There have been
considerable efforts to investigate the transverse charge densities of the nucleon [2–5].
The initial and final states for calculating form factors are different and the three dimen-
sional Fourier transformation can not be interpreted as densities. But the transverse
densities, which defined in fixed light-front time, have density interpretation [6, 7].
Transverse charge densities are a new tool for analyzing electromagnetic form factors
of systems composed of constituents that move relativistically [8]. It has led to some
very interesting findings by use of transverse charge densities. For example, the cen-
ter of the neutron charge densities has a negative core [9] and the spatial extent of the
magnetization density of the proton is greater than that of its charge density [10].
In recent years, anti-de Sitter (AdS) spacetime and quantum chromodynamics (QCD)
correspondence, which has emerged as one of the most promising techniques to inves-
tigate the structure of hadron, has achieved significant progress in research of non-
perturbative QCD. According to the AdS and conformal field theories (CFT) conjec-
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ture [11], a weakly coupled gravity theory in AdSn+1 can be related to a conformal
theory in n-dimensional space-time. To apply AdS/CFT to QCD, which is not a con-
formal theory, the conformal invariance needs to be broken. Usually, there are two
methods, referred to as the hard-wall model [12] and the soft-wall model [13], adopted
to achieve this goal. In the former method, a sharp cutoff is imposed at large distance,
so that the wave functions vanish at the boundary. In the latter method, the conformal
invariance is broken by a dilaton background, which provides a smooth cutoff at large
distance. Compared to the hard-wall model, soft-wall AdS/QCD can reproduce the
Regge trajectory [14] and the massless pion in the chiral limit [15]. So far, AdS/QCD
has been successfully applied to describe many hadron properties such as hadron mass
spectrum, generalized parton distributions, meson and nucleon form factors, transverse
densities, and structure functions etc. [16–26].
The transverse charge densities of the nucleon in a model independent way have
been studied in Ref. [9] and the charge densities in the transverse plane for a trans-
versely polarized nucleon are shown in Refs. [1, 27]. In Ref. [28], by using the method
of dispersion analysis and chiral effective field theory, transverse charge densities have
been studied in the chiral periphery of the nucleon. The transverse densities for the
quarks of the nucleon are analyzed in a chiral quark-soliton model [8]. Apart from the
transverse charge densities of the nucleon, it is also interesting to study the transverse
densities of the deuteron. For example, the transverse charge densities of the deuteron
have been studied in Ref. [29], by using the parametrization of the deuteron form factor
data given as fit II by Abbott et al. [31].
In this work, we give a comparison of the deuteron form factors calculated in the
soft-wall model with those from the experimental data and phenomenological parametriza-
tion. Then, we give a prediction for the transverse charge densities of the deuteron in
the soft-wall AdS/QCD model and compare the results with the parametrization.
The paper is organized as follows. The electromagnetic form factors of the deuteron
in the soft-wall AdS/QCD model are given in Sec. II. In Sec. III, the transverse charge
densities of the deuteron for both unpolarized and transversely polarized cases are dis-
cussed. Finally, we provide a brief summary in Sec. IV.
2. SOFT-WALL ADS/QCDMODEL FOR DEUTERON FORM FACTORS
For the deuteron electromagnetic form factors, we consider the soft-wall model of
AdS/QCD proposed by Gutsche et al. [32, 33]. The effective action is given by
S =
∫
d4xdz
√
ge−ϕ(z)
[
−1
4
FMNFMN − DMd†NDMdN − ic2(z)FMNd†MdN
+
c3(z)
4M2d
e2A(z) ∂MFNK
(
iDKd
†
MdN − d†MiDKdN + H.c.
)
+ d†M
(
µ2 + U(z)
)
× dM
]
,
(1)
where g = |detgMN | = e10A(z). dM(x, z) and VM(x, z) are AdS fields which are dual to the
Fock compoment contributing to the deuteron with twist τ = 6 and the electromagnetic
field respectively. A(z) is equal to log(R/z) and FMN(x, z) = ∂MVN(x, z)−∂NVM(x, z) is
the stress tensor. The covariant derivative is DM = ∂M−ieVM(x, z), µ2R2 = (∆−1)(∆−3)
is five-dimensional mass, R is the AdS radius, ϕ(z) = κ2z2 is the background dilaton
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Figure 1: The plot shows the magnetic deuteron form factor GM . The solid black curves are for the soft-wall
AdS/QCD model [32], and the red dashed curves represent the JLab t20 Fit II [31]. The experimental data
are from [31, 34].
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Figure 2: The plots show the charge and quadrupole form factors GC and GQ for the deuteron between the
soft-wall AdS/QCD model and the parametrization. All the notations are same as Fig. 1.
3
field, ∆ = τ + 1 is the dimensional of the dM(x, z) field, and Md is the deuteron mass.
U(z) = (ϕ(z)/R2)U0 is the confinement potential, where U0 is fixed by the value of the
deuteron mass. The z-dependent couplings are c2(z) = e−βϕ(z)[c(1)2 + c
(2)
2 e
α2 logϕ(z)] and
c3(z) = c3e−βϕ(z)+α3 logϕ(z), where the couplings are fixed from the normalization of Gi
and the fitting to data.
In this method, the deuteron is described as a vector field with a gauge field and
only the mass of the deuteron is contained in the effective action. We simply treat the
deuteron as an effective proton-neutron bound state of six quarks, or an active quark
and an effective spectator in analogy to the AdS/QCD model of baryons [22]. The
parameter κ of the deuteron is smaller than that of the nucleon and this difference can
be related to the different sizes of the deuteron and the nucleon. On the other hand, the
parameters of different particles with different numbers of quarks can be different in
different situations of mesons and beryons [30].
The confinement potential is usually derived from the deformation of the AdS space
by introducing a dilaton ϕ = κ2z2 [22]. The specific form of the confinement potential
is used to produce the correct asymptotic behaviors of the form factors of the deuteron
at high Q2.
The gauge-invariant matrix element describing the interaction of the deuteron with
the external vector field is [32]
Mµinv(p, p
′) = −
[
G1(Q2)∗(p′) · (p) − G3(Q
2)
2M2d
∗(p′) · q(p) · q
]
(p + p′)µ
−G2(Q2) [µ(p) · (p′) −∗µ(p′) · q(p) · q] , (2)
where  (∗) and p (p′) are the polarization and four-moment of the initial (final)
deuteron. q = p′ − p is the 4-momentum transfer and Q2 = −q2 .
The three electromagnetic form factors G1,2,3 of the deuteron are related to the
charge GC , quadrupole GQ and magnetic GM form factors by [35]
GC = G1 +
2
3
τdGQ,
GM = G2,
GQ = G1 −G2 + (1 + τd)G3,
(3)
where τd = Q2/4M2d and the form factors GC,M,Q are all functions of Q
2.
The form factors are normalized such that [36]
GC(0) = 1,
GM(0) = M2dQ,
GQ(0) =
Md
MN
µd,
(4)
whereQ and µd are the quadrupole and magnetic moments of the deuteron.
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Figure 3: Transverse charge densities for the unpolarized deuteron.(a) and (c) represent ρd0 , and (c) is a top
view of three-dimensional charge density. (b) and (d) represent ρd1 .
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Thus, the form factors for the deuteron in this model are given by [33]
G1(Q2) =
Γ(a + 1)Γ(7)
Γ(a + 7)
,
G2(Q2) =c
(1)
2
I1(Q2)
I1(0)
+ c(2)2
I2(Q2)
I(0)2
,
G3(Q2) =c3
I3(Q2)
I3(0)
,
(5)
where
Ii(Q2) =
Γ(7 + ∆i)
Γ(6)
∫ 1
0
dxxa
(1 − x)5+∆i
(1 + β(1 − x))7+∆i ,
∆1 =0, ∆2 = α2,
∆3 =α3, c
(1)
2 = 2I1(0).
(6)
In this model, we have two free parameters: κ and U0. The latter one is fixed by
the deuteron mass, and the formal one is used to fit the form factors of the deuteron.
In this work, κ = 0.19 GeV is adopted to have a best fit to three form factors. The
asymptotic behaviors of the deuteron form factors are GM(Q2) ∼ GQ(Q2) ∼ 1/Q12
and GC(Q2) ∼ 1/Q10. The asymptotic behaviors of Gi are at high Q, and the values
of the form factors are very small at high Q, therefore, the difference between 1/Q12
and 1/Q10 is small at high Q with small form factors. Such behaviors are consistent
with the prediction of perturbative QCD and the relation proposed in Ref. [21]. The
parameter κ of the deuteron is smaller than that of the nucleon. This difference can
be related to the fact that the size of the deuteron is bigger than that of the nucleon.
In fact, the parameters of different particles with different numbers of quarks can be
different [22, 23, 30].
In Fig. 1 and Fig. 2, we show the charge, quadrupole and magnetic form factors
(GC,Q,M) for the deuteron calculated in the framework of the soft-wall AdS/QCD model
and compare the results with those from the global parametrization [31]. The plots
suggest that for the charge deuteron form factor GC the model and the phenomenolog-
ical parametrization both agree with the experimental result well. For the quadrupole
and magnetic deuteron form factors, the overall description of the soft-wall AdS/QCD
model is consistent with the experimental data and the parametrization. But around
Q = 1 fm−1, there is a slight deviation.
3. TRANSVERSE CHARGE DENSITIES
The expression of transverse charge densities for an unpolarized deuteron is given
by the helicity form factors G+λλ [29],
ρdλ(b) ≡
∫
d2~q⊥
(2pi)2
e−i ~q⊥·~b
1
2P+
〈P+, ~q⊥
2
, λ|J+|P+, −~q⊥
2
, λ〉
=
∫ ∞
0
dQ
2pi
Q J0(b Q)G+λλ(Q
2), (7)
6
where b = b(cos φbeˆx + sin φbeˆy) represents the position from the transverse center of
mass of the deuteron, and Jn is the cylindrical Bessel function of order n. λ = ±1, 0
(a)
AdSêQCD
Fit II
-4 -2 0 2 4
0.00
0.05
0.10
0.15
0.20
by@fmD
r T
0d
@1êfm2 D
(b)
AdSêQCD
Fit II
-4 -2 0 2 4
0.00
0.05
0.10
0.15
by@fmD
r T
1d
@1êfm2 D
(c)
-2 -1 0 1 2
-2
-1
0
1
2
b x@fmD
b y
@fmD
(d)
-2 -1 0 1 2
-2
-1
0
1
2
b x@fmD
b y
@fmD
Figure 4: Transverse charge densities for the polarized deuteron.(a) and (c) represent ρdT0, and (c) is a top
view of three-dimensional charge density. (b) and (d) represent ρdT1. The polarization of the deuteron is
along the x direction.
(λ′ = ±1, 0) denotes the initial (final) deuteron light front helicity, and the helicity form
factors G+λλ′ are real and depend only on Q
2. Note that ρdλ only depends on b = |~b|. It
is well defined for all values of b, even b is smaller than the Compton wavelength [1].
The helicity-conserving form factors G+11 and G
+
00 can be expressed in terms of GC,M,Q
as
G+11 =
1
1 + τd
[
GC + τdGM +
τd
3
GQ
]
,
G+00 =
1
1 + τd
[
(1 − τd)GC + 2τdGM − 2τd3 (1 + 2τd)GQ
]
.
(8)
We show the transverse charge densities for the unpolarized deuteron in Fig. 3(a)
and Fig. 3(b). The plots imply that the predictions of the soft-wall AdS/QCD model for
the unpolarized transverse densities are in good agreement with the global parametriza-
tion at b > 0.6 fm. But around the center of mass (b = 0), the soft-wall AdS/QCD pre-
diction shows a little higher value of the transverse charge densities compared to the
parametrization, especially ρd0. The top view of three dimensional transverse charge
densities for unpolarized deuteron are shown in Fig. 3(c) and Fig. 3(d). From the plots,
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we can notice that the unpolarized transverse charge densities are axially symmetric.
Compared to the phenomenological parametrization, which finds a dip in Fig. 3(a), the
model calculation does not have a dip in the center of the three dimensional transverse
charge density. As emphasized in [29], the dip seen in the figure of the phenomenolog-
ical parametrization is based on observation and a light front interpretation of the data.
So, in order to give a more convinced result, the more accurate experimental data of
the deuteron form factors are needed.
For a transversely polarized deuteron, we suppose that the transverse polarization
direction is S ⊥ = cos φS eˆx + sin φS eˆy. The transverse charge densities can be defined
as
ρdT s⊥ (b) =
∫
d2q⊥
(2pi)2
e−iq⊥·b
1
2P+
× 〈P+, q⊥
2
, s⊥|J+|P+, −q⊥2 , s⊥〉,
(9)
where s⊥ is the deuteron spin projection along the direction of S⊥.
By using the Fourier transformation, one gets [29]
ρdT 1(~b) =
∫ ∞
0
dQ
2pi
Q
{
J0(b Q)
1
2
(
G+1 1 +G
+
0 0
)
+ sin(φb − φS ) J1(b Q)
√
2G+0 1 (10)
− cos 2(φb − φS ) J2(b Q)12 G
+
−1 +1
}
,
ρdT 0(~b) =
∫ ∞
0
dQ
2pi
Q
{
J0(b Q)G+1 1
+ cos 2(φb − φS ) J2(b Q)G+−1 +1
}
, (11)
where the deuteron helicity form factors can be expressed in terms of GC,Q,M as [29]
G+01 = −
√
2η
1 + η
[
GC − 12(1 − η)GM +
η
3
GQ
]
,
G+−1+1 =
η
1 + η
[
GC −GM − (1 + 2η3 )GQ
]
.
(12)
Without loss of generality, the polarization of the deuteron along the x axis (i.e.,
for φs = 0) is taken in this work. In Fig. 4(a) and Fig. 4(b), we show the transverse
charge densities for polarized deuteron using the form factors obtained in both soft-wall
AdS/QCD model and phenomenological parametrization. In Fig. 4(c) and Fig. 4(d), we
draw a top view of three-dimensional charge densities for deuteron polarized along the
x direction. The soft-wall AdS/QCD model is in good agreement with the parametriza-
tion, except that it provides larger peak densities than the parametrization. From the
plots, we can see that the transverse charge density ρdT1 for the transversely polarized
deuteron gets displaced toward the by direction, while so does ρdT1 toward the bx direc-
tion.
8
4. SUMMARY
In this paper, we present a detailed study of the transverse charge densities for
deuteron in a soft-wall AdS/QCD model. The results are compared with the phe-
nomenological parametrization of the form factors. Both the unpolarized and trans-
versely polarized cases are considered in this work. The results show that the deuteron
form factors calculated in the soft-wall AdS/QCD model and the parametrization are in
good agreement with each other. The transverse charge densities are studied in detail in
the soft-wall AdS/QCD model, and the results are compared with the parametrization.
The results calculated in the two methods are consistent with each other, except that
there are some slight deviations at the center of mass (b = 0). We suggest that in order
to test these different predictions, more accurate experiments of deuteron form factors
are needed in future.
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